ABSTRACT Background: Fatty acids (FAs) may be important dietary components that modulate osteoporotic fracture risk. Objective: The objective was to examine FA intake in relation to osteoporotic fractures. Design: The participants were postmenopausal women enrolled in the Women's Health Initiative (n = 137,486). Total fractures were identified by self-report; hip fractures were confirmed by medical record review. FA intake was estimated from baseline foodfrequency questionnaires and standardized to total caloric intake. No data on omega-3 (n23) FA supplements were available. Cox proportional hazard models were constructed to estimate risk of fracture. Results: Higher saturated FA consumption was associated with higher hip fracture risk [quartile 4 multivariate-adjusted hazard ratio (HR): 1.31; 95% CI: 1.11, 1.55; P for trend = 0.001]. Lower total fracture risk was associated with a higher monounsaturated FA intake (quartile 3 HR: 0.94; 95% CI: 0.89, 0.98; P for trend = 0.050) and polyunsaturated FA intake (quartile 4 HR: 0.95; 95% CI: 0.90, 0.99; P for trend = 0.019). Unexpectedly, higher consumption of marine n23 FAs was associated with greater total fracture risk (quartile 4 HR: 1.07; 95% CI: 1.02, 1.12; P for trend = 0.010), whereas a higher n26 FA intake was associated with a lower total fracture risk (quartile 4 HR: 0.94; 95% CI: 0.89, 0.98; P for trend 0.009). Conclusions: These results suggest that saturated FA intake may significantly increase hip fracture risk, whereas monounsaturated and polyunsaturated FA intakes may decrease total fracture risk. In postmenopausal women with a low intake of marine n23 FAs, a higher intake of n26 FAs may modestly decrease total fracture risk. This trial was registered at clinicaltrials.gov as NCT00000611.
INTRODUCTION
Osteoporosis is a major public health concern that disproportionately affects women (1) . Each year in the United States, there are .1.5 million fractures attributable to osteoporosis, including 329,000 hip fractures (2) . Osteoporosis results in a lifetime fracture risk of nearly 40% for women (3) . It is therefore vital to identify common exposures that affect this pervasive public health problem.
Nutrition is an environmental exposure that is important to skeletal health. A large number of nutritional factors ranging from protein intake to minerals and vitamins have been identified as playing a potential role in modifying the risk of osteoporosis (4) (5) (6) (7) (8) (9) . Nutrients may act directly by modifying bone turnover, stimulating bone formation, or affecting calcium balance and may ultimately modify bone mineral density (BMD), mineralization, bone quality, and fracture risk. Research investigating intakes of saturated, monounsaturated, and polyunsaturated fatty acids (FAs) in relation to BMD and fracture risk has yielded varied results (10, 11) .
Recently, the essential FAs of the omega-6 (n26) and omega-3 (n23) families have been suggested to play a role in bone health and metabolism (12) (13) (14) (15) (16) (17) (18) (19) (20) . In most studies, n23 FAs reduce and n26 FAs increase markers of bone turnover in animal (18, 20, 21) and cell models (22, 23) , possibly related to the more antiinflammatory properties associated with the family of n23 FAs. In humans, higher consumption of n23 FAs and lower n26:n23 ratios have been associated with higher BMD (13) (14) (15) and more favorable bone turnover markers (12) . In prospective cohort studies, greater dietary intake of n23 FAs is associated with lower concentrations of circulating inflammatory cytokines (24) , whereas greater consumption of n26 FAs have been associated with increased fracture risk (11) . Data from fish-oil supplementation studies suggest that there may be an optimum level of dietary eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) needed to promote the most favorable conditions for bone remodeling (25) .The purpose of the current study was to examine dietary fat intake, specifically n23 and n26 FAs, the type of n23 FA and the n26:n23 FA ratio, and risk of fractures in postmenopausal women who were enrolled in the Women's Health Initiative (WHI) studies. The primary hypothesis was that n23 FAs would reduce the risk of osteoporotic fractures. Secondary hypotheses were that higher n23 FA consumption from both marine and nonmarine sources would be associated with lower fracture risk, and higher intake of n26 FAs as well as a higher n26:n23 FA ratio would be associated with increased fracture risk.
SUBJECTS AND METHODS

Study population
The WHI is the largest study to date focusing on prevention and control of some of the most common diseases contributing to morbidity and mortality in postmenopausal women, including coronary artery disease, breast and colorectal cancers, and osteoporotic fractures. Details of the study design and methods were previously reported (26) . Between 1993 and 1998, ethnically diverse women (n = 161,808) between 50 and 79 y of age enrolled in the WHI. A total of 68,132 women joined 1 of the 3 randomized clinical trials; a low fat dietary modification trial (DM) compared with usual diet, 2 placebo-controlled hormone therapy (HT) trials with estrogen alone or estrogen plus progestin and a calcium plus vitamin D supplement trial compared with placebo (CaD). Participants not eligible or not interested in the clinical trials were able to enroll in the Observational Study (OS); this included 93,676 women. The study was reviewed and approved by the Human Subjects Review Committee at each of the 40 clinical centers nationwide, and all participants provided signed informed consent.
The study population for this analysis included women for whom individual FA intake data were available at enrollment in the WHI OS and clinical trial cohorts, excluding DM intervention arm participants (n = 137,486). Information on demographics, health and medication history, and lifestyle factors was collected by using screening questionnaires and interviews at baseline enrollment.
Dietary assessment
Dietary intake was assessed by using a semiquantitative foodfrequency questionnaire (FFQ) adapted from instruments used in previous clinical trials. The FFQ contained 122 questions on food items or food groups, 19 adjustment questions designed to allow more precise analysis of fat intake, and 4 summary questions addressing usual intake of fruit, vegetables, and added fats (27) . Nutrient intakes were obtained from the FFQ by using a database derived from the University of Minnesota's Nutrition Coordinating Center (version 30; Minnesota Nutrition Data System for Research, Minneapolis, MN) (28) . Whereas WHI collected data on dietary supplement use, the protocol did not include the collection of data on either n23 or n26 supplements; therefore, information on FA supplements was not available for inclusion in these analyses.
Fracture ascertainment
Fracture outcomes were self-reported by participants on a health update questionnaire. For women in the clinical trials, these questionnaires were administered every 6 mo either at clinic visit or by mail or phone. OS participants completed the health updates by mail or phone annually. Proxy interviews regarding health outcomes were conducted for those women who were unable or deceased (6) . Total fractures were defined as all clinical fractures with the exception of fractures of the fingers and toes, ribs, sternum/chest, skull/face, and cervical vertebrae. Fractures were based on self-report in the OS cohort with the exception of hip fractures, which were centrally adjudicated by trained and blinded physicians in both the clinical trials and OS. Medical records (radiology, surgery reports) were requested for all fractures reported in the clinical trials, and these were centrally adjudicated by a physician. There was 96% agreement between central and local adjudication of hip fractures (29) . In addition, 71% of self-reported single-site fractures could be confirmed in a subset analysis of WHI participants from the 3 clinical centers that fully adjudicated all fractures (30) .
Statistical analyses
FA intake was determined by using the calculated values of total fat, saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), polyunsaturated fatty acids (PUFAs), a-linolenic acid (ALA), EPA + DHA, total n23 FAs, linoleic acid, arachidonic acid, total n26 FAs, and the n26:n23 FA ratio from the dietary information gathered by using the baseline FFQ. FA intake was standardized to total caloric intake (g/1000 kcal) to account for variations in energy consumption. The FA intakes were categorized based on quartiles of the FA consumption in the study population.
HT use was defined as "yes" for women randomly assigned to the estrogen-alone or estrogen + progestin arms of the clinical trials and for OS women reporting current HT use at baseline. HT use was defined as "no" for women randomly assigned to placebo and for OS women reporting past use or never use of HT at baseline. Covariates were identified as potential confounders based on multivariate models of fracture risk in the WHI (31, 32) . Primary outcome variables were hip fractures and total fractures.
Descriptive statistics were calculated for covariates of interest and dietary intake variables by total n23 FA intake in quartiles. General linear model t tests for slope were performed to compare the means of continuous covariates by total n23 FA intake in quartiles. Chi-square tests of association and chi-square tests for trend were performed to compare the quartiles of total n23 FA intake by the categorical variables. Age-adjusted fracture rates according to FA intake in quartiles were computed.
Cox proportional hazards modeling was performed to estimate the risk of fracture by total fat, SFA, MUFA, PUFA, n23, and n26 FA intakes. We originally ran the analysis with the predictor variable (FA intake) expressed in 2 ways: 1) FA intake in grams with total energy intake included as a covariate in the model, and 2) FA intake as g/1000 kcal. Both approaches yielded similar results. Because fat recommendations are generally reported as % of energy, we chose to report our results in this format. Hazard ratios (HRs) with 95% CIs were calculated to examine the relation between fracture risk and baseline FA intake in quartiles and categories of n26:n23 ratio. A trend test across the quartiles of FA intake and the n26:n23 ratio was preformed for all models. Cox proportional hazards modeling was performed to estimate the risk of fracture by HT use and the n26:n23 FA ratio and by calcium intake and the n26:n23 FA ratio. Likelihood ratio tests were performed to test for interactions between HT use and the n26:n23 FA ratio and between calcium intake and the n26:n23 FA ratio.
Two sets of Cox models were constructed. The first, simpler model was adjusted only for age and race-ethnicity. Covariates for the second, full model were chosen a priori based on previous research of fracture risk in WHI participants (31, 32) and included age, race-ethnicity, education, marital status, family history of fracture, fracture after age 54 y, number of falls in the past 12 mo, height, weight, total vitamin D intake (food plus supplements), HT use, antianxiety or antidepressant medication use, bisphosphonate use, corticosteroid use, smoking status, arthritis, depression [Center for Epidemiologic Studies-Depression Scale (CES-D)], general health, parity, treated diabetes, and weekly exercise [metabolic equivalents (METs) per week]. Because of the large significant difference in calcium intake between women in different quartiles of n23 FA intake, we added calcium intake (food plus supplements) as a covariate in the full Cox models. FA intake was standardized to total energy intake in all models, with the exception of models investigating the n26:n23 FA ratio. In these models, total energy intake was added as a covariate because this calculated ratio was based on FA intake in grams and not standardized to total caloric intake.
To investigate the public health significance of our results, we estimated population attributable risk (PAR) as follows:
where p is the prevalence of the risk factor. We included established risk factors for fracture (lowest quartile of body weight, parental history of fracture, current smoking, and current corticosteroid use) for comparison as well as types of FAs that we found were significantly associated with increased hip fracture and total fracture risk. All analyses were carried out by using SAS version 9.1 (SAS Institute Inc, Cary, NC).
RESULTS
Descriptive data
Data on FA intake were available for 137,486 women from the WHI who were administered an FFQ at the baseline visit. Approximately 38% of these women were on HT at the start of WHI, and 9.5% were randomly assigned to receive calcium and vitamin D treatment in the CaD trial. Characteristics of the study population as a whole and by quartiles of n23 FA intake are reported in Table 1 . Mean self-reported energy intake of participants was 1622 kcal/d. Total daily calcium and vitamin D intakes from the diet and supplements averaged 1199 mg/d and 375 IU/d, respectively, with the highest consumption of both micronutrients observed in the lowest quartile of n23 FA intake. Total fat intake averaged 32% of energy; SFAs and MUFAs provided 10.6% and 12.1% of total energy, respectively. Total PUFA consumption supplied an average of 6.7% of energy, primarily from n26 FAs (5.8% of energy). The vast majority of women (97%) reported consuming 10% of energy from n26 FAs. Total n23 FA intake averaged 0.78% of energy (range: 0.08-5.64% of energy). Nonmarine sources (ALA) accounted for most of the n23 FAs consumed (0.70% of energy), whereas marine sources (EPA + DHA) supplied only 0.07% of energy. The mean ratio of n26:n23 FA in this cohort was 7.78. Over an average follow-up of 7.8 y, 20,399 total fractures were reported, including 1638 hip fractures.
Dietary fat and risk of hip and total fractures
After multivariate adjustment and standardization of fat intake to energy intake, higher SFA consumption was significantly associated with higher hip fracture risk (quartile 4 HR: 1.31; 95% CI: 1.11, 1.55; P for trend 0.001) ( Table 2) . A higher intake of MUFAs was significantly associated with slightly lower total fracture risk (quartile 3 HR: 0.94; 95% CI: 0.89, 0.98; P for trend = 0.050), as was a higher intake of PUFAs (quartile 4 HR: 0.95; 95% CI: 0.90, 0.99; P for trend = 0.019).
n23 Fatty acids and risk of hip and total fractures
Age-adjusted total fracture rates (per 1000 person-years) by quartiles of total n23 FA intake (% of energy) decreased with increasing n23 FA intake (quartile 1: 21.53; quartile 4: 19.71). Whereas the lowest hip fracture rates were also associated with the highest n23 FA intake, there was no linear relation noted between total n23 FA and hip fractures; the highest hip fracture rates were seen in the second quartile of intake (quartile 2: 1.69; quartile 4: 1.51).
Multivariate HRs for risk of hip and total fractures according to individual PUFA intake and total n23 and n26 FA intakes are reported in Table 3 . Although a higher consumption of EPA + DHA was associated with lower hip fracture risk in the model adjusted only for age and race-ethnicity (quartile 4 HR: 0.80; 95% CI: 0.70, 0.92; P for trend = 0.004), this association was not significant when all covariates were included in the model. No significant relation was noted with total n23 FA intake or ALA intake and total fracture risk in the fully adjusted model. In contrast with the inverse direction of association noted with consumption of EPA+DHA and hip fracture, women with higher intakes of EPA + DHA had a modest increase in risk of total fractures after multivariate adjustment (quartile 4 HR: 1.07; 95% CI 1.02, 1.12; P for trend = 0.01).
n26 Fatty acids and risk of hip and total fractures
The relation between total n26 FA intake and age-adjusted total fracture rates was similar to that noted with n23 FA intake, with a decrease in total fracture rates in individuals consuming the highest n26 FA (quartile 1: 21.91; quartile 4: 19.58); however, no relation was seen between rates of hip fracture and total n26 FA intake (data not shown). Likewise, no significant associations were noted with n26 FA intake and hip fracture risk (Table 3) . However, women in the highest quartile of total n26 FA intake had a significant decrease in total fracture risk (quartile 4 HR: 0.94; 95% CI: 0.89, 0.98; P for trend = 0.009) compared with women in the lowest quartile of n26 FA intake. Results for the most abundant dietary n26 FA (linoleic acid) mirrored total n26 FA results, whereas arachidonic acid intake did not substantially contribute to n26 FA consumption (data not shown).
n26:n23 Ratio and risk of hip and total fractures
Cox proportional hazard models were fit to estimate the risk of hip and total fractures based on n26:n23 quartiles ( Table 4) . No significant relations associated with the ratio of dietary n26: n23 FA and hip fracture were observed, but a significant trend (P = 0.001) for lower total fracture risk was observed with n26: n23 FA ratios .6.43. An analysis of interactions between the 1 All variables were assessed at the baseline screening visit. Dietary variables were assessed with a food-frequency questionnaire. CES-D, Center for Epidemiologic Studies-Depression Scale; HT, hormone therapy; METs, metabolic equivalents; ALA, a-linolenic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid. P values for categorical variables, except race-ethnicity, were obtained by using chi-square tests for linear trend. The P value for race was obtained by using a chi-square test for association. P values for continuous variables were obtained by using general linear model t tests for slope. Differences between all quartiles were found for race-ethnicity, current smoker, general health, energy, fat, saturated fat, monounsaturated fat, polyunsaturated fat, n26 fatty acid, n23 fatty acid, ALA, EPA + DHA, calcium, and vitamin D intakes (P , 0.0001).
2 Mean 6 SD (all such values). 3 Significant differences between Q1 and Q2, P , 0.0083. 4 Significant differences between Q1 and Q3, P , 0.0083. 5 Significant differences between Q1 and Q4, P , 0.0083. 6 Significant differences between Q2 and Q4, P , 0.0083. 7 Significant differences between Q3 and Q4, P , 0.0083. 8 Significant differences between Q2 and Q3, P , 0.0083. 9 Calcium and vitamin D values include the combined intake from food and supplements.
n26:n23 ratio and calcium intake or HT did not modify the results.
Population attributable risk
Results of the analyses estimating PAR for types of FAs significantly associated with fractures are shown in Table 5 . The PAR for the highest quartile of SFA intake for hip fracture was 5.5%, which was similar to the PAR for current smoking (5.6%), greater than the PAR for current corticosteroid use (1.5%), but less than the PAR for lowest quartile of body weight (8.3%) and parental history of fracture (7.3%).
The PAR for the lowest quartile of PUFA intake for total fractures was 1.1%, whereas both the lowest quartile of MUFA intake and the lowest quartile of n26 FA intake had a PAR of 1.4%. By comparison, the PAR for current smoking for total fractures was 0.8% and current corticosteroid use was 0.7%, whereas the lowest quartile of body weight was not associated with a significant PAR for total fractures, and parental history of fracture was associated with a PAR of 8.1%. Because of the very narrow range of EPA + DHA intakes (quartile 4 represented only a 0.09-g increase in intake compared with quartile 1), the PAR for the highest EPA + DHA intake was not calculated.
DISCUSSION
This was the first study to comprehensively examine the relation of hip fracture and total fracture in postmenopausal women across categories of fat intake. In agreement with data from the WHI Dietary Modification Trial (4), total fat intake was not associated with risk of hip or total fractures. However, in our study, a higher intake of SFA increased the risk of hip fracture in a dose-dependent manner. Data on fat consumption and risk of hip fracture are limited, but BMD data are widely available and frequently used as a marker to predict hip fracture risk (33) . Our results support those of a recent analysis within the third National Health and Nutrition Examination Survey (NHANES III), which showed that a higher SFA intake was associated with lower BMD at the hip (10) . In contrast with a case-control study of hospitalized individuals aged .65 y in Spain suggesting increased fracture risk with higher PUFA intakes (11) , women in the WHI had a modestly lower total fracture risk with higher consumption of both MUFAs and PUFAs.
Consistent with previous research (11), total n23 FA intake in WHI women was not associated with hip fracture or total fracture risk. Although research on n23 FA intake and osteoporosis has focused on the marine-derived n23 FAs EPA and DHA, we further explored risk of fractures in relation to intake of ALA-the predominant nonmarine n23 FA in the US diet. Although we found no association with ALA consumption and hip or total fracture risk in our population, who had moderate ALA intake, prior research suggests that a diet high in ALA may reduce bone resorption in humans (12) .
In our cohort, as in a recent report from the Cardiovascular Health Study (34) , intake of EPA + DHA was not associated with hip fracture risk. However, consumption of these n23 FAs was associated with a slightly higher total fracture risk in our study. One explanation for this unexpected positive correlation may be that the very low consumption of marine sources of n23 FAs coupled with the lack of data on n23 FA supplement use by women in the WHI affected our results. It is possible that any benefit of marine sources of n23 FAs to fracture risk may require a threshold of intake not reached by our cohort, because the mean EPA + DHA consumption was 0.13 g/d, considerably less than the '0.5 g/d minimally recommended by many global organizations (35) . There was little variation in the range of EPA + DHA consumed by our cohort, which made it difficult to examine associations with higher marine n23 FA intakes and fracture. Interestingly, women who consumed the most EPA + DHA consumed the least calcium and vitamin D.
In comparison with other studies that examined n26 FA consumption and reported no association (34) or an increased risk of fractures (11), our cohort consumed a smaller amount of n26 FAs. For example, individuals in a Spanish study who consumed 18 g n26 FAs/d had a significantly elevated risk of fractures (11) . However, WHI participants in the highest quartile of n26 FA intake averaged only 13.9 g/d and had a 6% decrease in relative risk of total fractures. Also of note, men and women in the Spanish cohort reported consuming '30% more energy, 3 Models were adjusted for age, ethnicity, total energy intake, education, marital status, family history of fracture, fracture on or after age 55 y, number of falls in past year, height, weight, total vitamin D intake, hormone therapy history, antianxiety or antidepressant medication use, bisphosphonate use, corticosteroid use, smoking status, arthritis, depression, general health assessment, parity, treated diabetes, weekly exercise, and total calcium intake. 4 The maximum n26:n23 ratio was 39.01, but the 99th percentile was 14.1.
including 37% more total fat, almost twice as much MUFAs, and nearly 10 times more n23 FAs as did women in the WHI. These dramatic differences in fat intake, as well as dietary patterns with variations in nutrients that may modify bone remodeling such as vitamin D, vitamin K, magnesium and potassium, may have contributed to our contrasting results. Mechanisms by which n23 and n26 FAs may affect fracture risk are not known, but inflammation may be a contributing factor. The n26 FAs are precursors of both antiinflammatory (prostacyclin, lipoxin A 4 , and epoxyeicosatrienoic acid) and proinflammatory eicosanoids [prostaglandin E 2 (PGE 2 ), thromboxane A 2 , and leukotriene B 4 ]. PGE 2 is the predominant prostaglandin found in bone cells and a potent stimulator of bone resorption at high concentrations (36, 37) . Tumor necrosis factor-a, a cytokine that may promote bone resorption, is stimulated by PGE 2 (12) . EPA and DHA supplementation in the form of fish oil reduce tumor necrosis factor-a by 70-77% and PGE 2 by 28-55%, depending on the LA and ALA content of the diet (38) . PGE 2 decreases osteoprotegerin production and increases receptor activator of nuclear transcription factor jB ligand (RANKL) expression. This action lowers the osteoprotegerin:receptor activator of nuclear transcription factor-jB ligand ratio, which is critical in the pathogenesis of resorptive bone disease (39) . It has been suggested that the effect of PGE 2 on bone formation may be dose related: stimulatory at low levels and inhibitory at high levels (36) . The optimal intake of n23 and n26 FAs for bone health is unknown; however, on the basis of results of this study, it is possible that current recommendations for n26 FA intake in the range of 5-10% of total energy (40) may contribute to a favorable environment for lower fracture risk.
Women in our study with n26:n23 FA ratios .6.43 had a modest reduction in total fracture risk. This is in contrast with previous reports of either no relation of the n26:n23 ratio to fractures (11, 34) or a beneficial relation of lower n26:n23 ratios to higher BMD (14) . International recommendations for n26:n23 FA ratios, based primarily on cardiovascular benefits, are between 4 and 7.5 (35) . Our data suggest that an n26:n23 FA ratio between 6.43 and 7.66 is also associated with a 7% reduction in relative risk of total fractures, with a 1% additional decline in relative risk with higher ratios.
Strengths and limitations
The strengths of this study include the large sample size of ethnically and geographically diverse postmenopausal women, high follow-up rates over time, central adjudication of hip fracture outcomes, details on a large number of clinical risk factors for fracture, and an FFQ specifically designed to refine analysis of fat intake and include numerous nutritional covariates (27) .
One limitation of this study was the lack of data on fish-oil or n23 FA supplements. However, the use of n23 supplements in the United States during the WHI data collection period was relatively small, '7.5% according to the US FDA Health and Diet Survey of 2002 (41), and we would expect the use of n23 supplements to perhaps be even lower in WHI women during the 1993-1998 baseline enrollment period. The reliability of nutrient intake data from the FFQ and the use of a single questionnaire (administered at baseline) were also limiting factors in this research, but the intake of essential fatty acids was shown to correlate well with plasma and erythrocyte concentrations (12, 38, 42) , and inaccuracies in self-reported intake should have been evenly distributed throughout the women in our sample. Finally, because of the observational nature of this research and the unavailability of inflammatory markers or serum vitamin D concentrations, no causal or mechanistic relations can be determined.
Conclusions
In conclusion, a higher SFA intake was associated with higher hip fracture risk, whereas higher overall MUFA and PUFA intakes were associated with slightly lower total fracture risk in this cohort of postmenopausal women. No association of total n23 FA or ALA intake to fracture risk, was observed, but a small increase in risk of total fractures was observed with a greater intake of EPA + DHA. In addition, women who consumed more total n26 FAs had a lower total fracture risk. An n26:n23 ratio .6.43 offered modest protection against total fractures in this sample of women with a moderate consumption of n26 FAs and low intake of marine n23 FAs. These results support current recommendations of 5-10% of total energy as n26 FAs. Although a beneficial dose of long-chain FAs cannot be determined from this analysis, our results suggest that the type of FA consumed may play a role in a diet that decreases osteoporotic fracture risk.
